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Gradients of topographic cues play essential roles
in the organization of sensory systems by guiding
axonal growth cones. Little is known about whether
there are additional mechanisms for precise topo-
graphic mapping of synaptic connections. Whereas
the C. elegans DA8 and DA9 neurons have similar
axonal trajectories, their synapses are positioned in
distinctbutadjacentdomains in theanterior-posterior
axis.We found that twoWnts, LIN-44 andEGL-20, are
responsible for this spatial organization of synapses.
Both Wnts form putative posterior-high, anterior-low
gradients. The posteriorly expressed LIN-44 inhibits
synapse formation in both DA9 and DA8, and creates
asynapse-freedomainonbothaxonsviaLIN-17 /Friz-
zled. EGL-20, a more anteriorly expressed Wnt,
inhibits synapse formation through MIG-1/Frizzled,
which is expressed in DA8 but not in DA9. The Wnt-
Frizzled specificity and selective Frizzled expression
dictate the stereotyped, topographic positioning of
synapses between these two neurons.
INTRODUCTION
The developing nervous system encodes spatial information by
using topographic map formation, a prevalent organizational
principle whereby axonal projections follow a specified arrange-
ment pattern in two-dimensional space. Molecular axon guid-
ance cues, often in the form of local gradients, play instructive
roles in topographic map formation (Charron and Tessier-Lav-
igne, 2005, 2007; Luo and Flanagan, 2007). For instance, the
graded expressions of ephrins and their receptors, Ephs, play
critical roles in matching the spatial relationship of the cell
bodies in the retina with their axon termination zone in the target
area, the superior colliculus (or optic tectum) (McLaughlin and
O’Leary, 2005). Similarly, semaphorins and their receptors, plex-
ins and neuropilins, are required for topographic map formation
in the olfactory system (Imai et al., 2009; Komiyama et al., 2007;
Sweeney et al., 2011).
Wnt signaling, which is involved in many developmental pro-
cesses, including stem cell maintenance and differentiation,Calso plays critical roles in axon targeting during topographic
map formation (Logan and Nusse, 2004). Schmitt et al. (2006) re-
ported that Wnt3 forms a gradient in a medial-lateral axis in both
the chick optic tectum and mouse superior colliculus. Retinal
ganglion cells express a Wnt receptor, Ryk, in a ventral-high,
dorsal-low gradient. Wnt3 repels axons from Ryk-expressing
neurons, thereby establishing the projection map (Schmitt
et al., 2006). Similarly, DWnt4, which is expressed in the ventral
lamina, is required for the dorsoventral projections of the photo-
receptor neurons in the fly eye (Sato et al., 2006).
Reconstruction of theCaenorhabditis elegans nervous system
by electron microscopy revealed not only topographic arrange-
ment of axons but also precise topographic organization of syn-
apses (White et al., 1976). Themajority of themotoneurons place
their en passant synapses according to their cell body position.
Several recent papers have shown that the precise control of
synapse position in this system is mediated by signaling mole-
cules that were previously known to direct axon targeting (Klas-
sen and Shen, 2007; Mizumoto and Shen, 2013; Poon et al.,
2008). For example, we recently reported that semaphorin/plexin
signaling mediates the mutual exclusion of synaptic regions
between contacting axons, leading to the generation of tiled syn-
aptic innervation in C. elegans (Mizumoto and Shen, 2013). The
ability of the semaphorin/plexin/neuropilin signaling pathway to
precisely regulate synaptic connectivity was also shown in
several vertebrate systems (Ding et al., 2012; Pecho-Vrieseling
et al., 2009; Tran et al., 2009).
Wnt signaling has been reported to inhibit synapse formation
in C. elegans and Drosophilamotoneurons. This inhibitory activ-
ity is used both to direct precise subcellular synapse localization
and to specify synaptic connectivity (Inaki et al., 2007; Klassen
and Shen, 2007; Park and Shen, 2012). Wnt has also been
shown to promote synaptogenesis in several systems. In the
mouse cerebellum, Wnt7a regulates remodeling of the axon
terminal and promotes maturation of the synaptic complexes.
At the Drosophila neuromuscular junction, Wnts regulate post-
synaptic receptor localization, synaptic structure differentiation,
and synaptic plasticity (Budnik and Salinas, 2011; Hall et al.,
2000; Packard et al., 2002). In hippocampal neurons, the acti-
vation of the canonical Wnts increases presynaptic inputs,
whereas the noncanonical Wnt5a decreases the number of
presynaptic terminals, suggesting that different Wnt signaling
pathways could have opposite effects on synapse formation
(Davis et al., 2008).ell Reports 5, 389–396, October 31, 2013 ª2013 The Authors 389
Figure 1. Synaptic Tiling Is Maintained in
wnt Mutants
(A–D) Representative images of DA8/DA9 synaptic
patterns in N2 (wild-type) (A), lin-44 (B), egl-20 (C),
and lin-44;egl-20 (D) animals. Asterisks represent
the positions of the DA8/DA9 cell bodies. Arrow-
heads indicate the position of the DA9 commis-
sure. Scale bar: 20 mm.
(E) Schematic representation of DA8 and DA9
projection patterns and Wnt gradients.
(F) Quantification of the overlap between the DA8
and DA9 synaptic domains. DA8/DA9 overlap is
defined as the distance between the most ante-
rior DA9 synapse and the most posterior DA8
synapse.
(G) Quantification of the DA9 asynaptic domains.
The DA9 asynaptic domain is defined as the dis-
tance between the most posterior DA9 synapse
and the DA9 commissure.
(H) Quantification of the DA8 asynaptic domains.
The DA8 asynaptic domain is defined as the dis-
tance between the most posterior DA8 synapse
and the DA9 commissure. Since the DA8
commissure is located in the same place as the
DA9 commissure in terms of the A-P axis, we used
the position of the DA9 commissure, which is
easier to identify. Error bars represent SEM. n.s.,
not significant; ***p < 0.001 (ANOVA/Tukey’s
honestly significant difference [HSD] test).
See also Figure S1.Synapse topographic maps are also found in vertebrates. In
the mouse hippocampus, CA3 neurons form a small number
of en passant terminal arbors (synaptic complexes) on their
axons. The position of the synaptic complexes made by each
cell is preordained by its cell body position, a phenomenon
that is dependent on EphA4 (Galimberti et al., 2010). It is likely
that many more examples of synaptic topographic maps will
be discovered as more sophisticated labeling tools are devel-
oped. The exact mechanisms that create synaptic topographic
maps, however, remain unclear. How do neurons of the same
class place their synapses in stereotyped positions with regard
to each other?
Here, by analyzing the relative synaptic positions of different
neurons within the same class in C. elegans, we found that
two Wnt gradients play a critical role in topographic synaptic
pattern formation along the anterior-posterior (A-P) axis in vivo.
Whereas both DA8 and DA9 motoneurons respond to the
more posterior Wnt gradient, which is composed of LIN-44,
DA8 neuron is more sensitive than DA9 to the more anteriorly
expressed EGL-20/Wnt. This differential sensitivity is accom-
plished by the preferential expression of the MIG-1/Frizzled
receptor in DA8. Loss- and gain-of-function experiments re-
vealed that the EGL-20-MIG-1 signaling pathway is responsible
for placing DA8 synapses in an anterior location. We propose
that the combination of Wnts and selective Frizzled expression
functions alongside the previously described axon-axon inter-
actions to establish the stereotyped synaptic pattern of DA
motoneurons in vivo.390 Cell Reports 5, 389–396, October 31, 2013 ª2013 The AuthorsRESULTS
Wnt Signaling Functions in Parallel with Synaptic Tiling
Mechanisms to Determine Synaptic Topography
We have previously shown that LIN-44/Wnt, which is secreted
from the hypodermal cells in the tail, prevents synapses from
forming in the most posterior dorsal axonal segment of DA9,
leaving the DA9 posterior axon ‘‘asynaptic’’ (Herman et al.,
1995; Klassen and Shen, 2007; Figures 1A and 1E). In addition,
EGL-20/Wnt, which is secreted from cells around the hindgut,
resulting in a posterior-high, anterior-low gradient (Coudreuse
et al., 2006), inhibits synapses from forming in the commissure
of DA9 axon in the lin-44 mutant background (Klassen and
Shen, 2007). In mutants lacking both of these Wnts, presynaptic
puncta accumulate in the posterior part of the dorsal axon and
in the commissure of the DA9 neuron. It is not known, however,
whether LIN-44 and EGL-20 affect the localization of synapses in
other DA neurons in the area. This is an especially relevant ques-
tion with regard to the DA8 neuron, whose cell body position and
axonal trajectory are very similar to those of DA9.
In order to visualize the synapses in both DA8 and DA9,
we created a stable transgenic strain that expressed the
GFP::RAB-3 synaptic vesicle marker in all DA neurons (DA1–
DA9) and mCherry::RAB-3 only in the DA9 neuron. As a result,
the DA8 (and other anterior DA) synapses were labeled with
green fluorescence and the DA9 synapses were labeled with
both green and red fluorescence (pseudocolored in magenta).
In wild-type animals, although the DA8 and DA9 axons both
Figure 2. Distinct Response of the DA8 and
DA9 Neurons to LIN-44 and EGL-20
(A–D) Representative images of DA8/DA9 synaptic
patterns in plx-1 (A), egl-20; plx-1 (B), lin-44; plx-1
(C), and lin-44; egl-20; plx-1 (D) mutant animals.
Asterisks represent the positions of DA8/DA9 cell
bodies. Arrowheads indicate the position of the
DA9 commissure. Scale bar: 20 mm.
(E) Quantification of the overlap between the DA8
and DA9 synaptic domains.
(F) Quantification of the DA9 asynaptic domains.
(G) Quantification of the DA8 asynaptic domains.
Error bars represent SEM. n.s., not significant;
***p < 0.001 (ANOVA/Tukey-HSD).
See also Figures S2–S4.extend along roughly half of the animal and overlap significantly
with each other, they form tiled synaptic innervations by restrict-
ing their synapses to two adjacent, nonoverlapping axonal do-
mains in the dorsal nerve cord (Figures 1A and 1E). We have
shown that interaxonal interaction between DA8 and DA9, medi-
ated by a transmembrane semaphorin (smp-1) and plexin (plx-1),
generates the tiled synaptic domains (Mizumoto and Shen,
2013). In smp-1 or plx-1mutants, the DA8 and DA9 synapse do-
mains expand and overlap with each other (Figure 2A; Mizumoto
and Shen, 2013).
The stereotyped synaptic pattern comprised of the DA8 and
DA9 synapses is characterized not only by the tiled synaptic
domains but also by the invariable relative position of those
domains from the two cells: the DA8 synaptic domain is always
anterior to the DA9 synaptic domain. This relative position was
present even in the plx-1 or smp-1 mutants (Figure 2A and Fig-
ure S2A available online), suggesting that additional mecha-
nisms are responsible for the positional bias of DA8 and DA9
synapses. To explore these mechanisms, we examined the
position of DA8 and DA9 synapses in Wnt mutants. In lin-44mu-
tants, as we reported previously (Klassen and Shen, 2007), the
DA9 synaptic domain was shifted posteriorly. We found that
the DA8 synaptic domain was also displaced posteriorly but still
tiled with the DA9 synaptic domain (Figures 1B, 1F, and 1G), re-
sulting in a posterior shift of the DA8/DA9 synaptic tiling borderCell Reports 5, 389–396,(Figure 1H). In egl-20 mutants, the posi-
tion of both the DA8 and DA9 synaptic
domains, as well as that of the synaptic
tiling border, remained unaffected (Fig-
ure 1C), likely because the plexin-medi-
ated synaptic tiling mechanism masked
the effect of EGL-20 on DA8 (see below).
However, egl-20 enhanced the lin-44
mutant phenotype: in lin-44; egl-20 dou-
ble mutants, the synaptic tiling border
was further shifted posteriorly compared
with lin-44 single mutants (Figures 1D
and 1H), suggesting that EGL-20 and
LIN-44 cooperatively regulate the posi-
tion of both DA8 and DA9 synaptic do-
mains. We did not observe a synaptic
tiling defect in the lin-44; egl-20 doublemutants, which suggests that the synaptic tiling mechanism
mediated by contact-dependent plexin signaling acts in parallel
with the Wnts to position synapses. Consistently, PLX-1 is local-
ized at the synaptic tiling border and enriched at the anterior
asynaptic domain of the DA9 axon in both wild-type and lin-44;
egl-20 mutant animals (Figure S1; Mizumoto and Shen, 2013).
The DA8 Neuron Is More Sensitive to the Anterior Wnt
EGL-20 than the DA9 Neuron
Because synaptic tiling indirectly promotes proper synapse
positioning by instructing relative synapse localization, we
further dissected the role of Wnts in positioning the DA synapses
by using the plx-1 mutation to disable synaptic tiling between
the DA8 and DA9 synapses. We assessed the positions of the
DA8 and DA9 synaptic domains with regard to two different pa-
rameters. First, the length of the asynaptic domain (defined as
the distance between the posterior-most synapse to the axon
turning point in the dorsal nerve cord) is a measure of the abso-
lute position of the DA8 and DA9 synaptic domains in the A-P
axis. Second, the overlap between the DA8 and DA9 synaptic
domains reflects the position of the synaptic domains relative
to each other. In egl-20; plx-1 double mutants, the DA8 and
DA9 synaptic domains displayed a much greater degree of over-
lap than in plx-1 single mutants, and they almost completely
overlapped with each other (Figures 2B and 2E). This phenotypeOctober 31, 2013 ª2013 The Authors 391
was caused by the posterior shift of the DA8 synaptic domain, as
the DA8 asynaptic domain length was significantly shorter than
plx-1 single mutants, whereas the DA9 asynaptic domain was
unaffected (Figures 2F and 2G). This result suggests that EGL-
20, which is expressed by a group of cells near the anus, in-
structs the placement of DA8 synapses anterior to those of
DA9. In lin-44; plx-1mutants, the DA9 synaptic domain is shifted
to themost posterior dorsal axonal region. On the other hand, the
absolute position of the DA8 synaptic domain, as determined by
the length of DA8 asynaptic domain, was similar to that in the
plx-1 single mutants (Figures 2C and 2G). This result suggests
that the DA9 synapses are strongly inhibited by LIN-44, but the
DA8 synapses are not. Consistent with this model, the overlap
between the DA8 and DA9 synaptic domains was shortened in
lin-44; plx-1 mutants due to the selective posterior shift of the
DA9, but not the DA8, domain (Figure 2E).
Interestingly, in egl-20; plx-1mutants, the DA8 synapses were
still absent from the most posterior dorsal axon, where LIN-44
inhibits DA9 synapse formation (Figure 2B). Therefore, it is
possible that DA8 also senses LIN-44 in addition to EGL-20.
Consistent with this idea, in lin-44; egl-20; plx-1 triple mutants,
both the DA8 and DA9 synaptic domains were shifted to the
most posterior dorsal axonal region. These data suggest that
LIN-44 inhibits synapse formation in both DA8 andDA9, whereas
EGL-20 predominantly affects DA8 (Figure 2D). The enhance-
ment of synaptic domain mislocalization between plx-1 and the
Wnt genes also indicates that Wnts and synaptic tiling mecha-
nisms function in parallel to control synaptic localization.
We consistently observed the same enhancement effects of
the Wnt mutations when we used a smp-1; smp-2 double-
mutant background to disable the synaptic tiling mechanisms
(Figure S2).
The higher sensitivity of DA8 to EGL-20 could be due to the
egl-20 coding sequence or a posttranslational modification of
this Wnt, which is specific to endogenous EGL-20-producing
cells (Harterink and Korswagen, 2012). To distinguish between
these two possibilities, we ectopically expressed EGL-20 under
the lin-44 promoter, which is expressed in the posterior-most tail
hypodermal cells, in the lin-44; egl-20; plx-1 triple mutant (Fig-
ure S3A). In this genetic background, DA8 synapses were ante-
riorly displaced, whereas DA9 synapses remained unchanged
(Figures S3D, S3F, and S3H). On the other hand, expression of
LIN-44 from the egl-20 promoter in the lin-44; egl-20; plx-1 triple
mutant caused both DA8 and DA9 synaptic domains to shift
anteriorly, further demonstrating that LIN-44 inhibits both DA8
and DA9 synapses, whereas EGL-20 specifically inhibits DA8
synapses (Figures S3C, S3G, and S3I). As a control, expression
of LIN-44 cDNA under its endogenous promoter shifted both
DA8 and DA9 synapses (Figures S3B, S3F, and S3H). Similarly,
expression of EGL-20 cDNA under the egl-20 promoter shifted
DA8 synapses, but not DA9 synapses (Figures S3E, S3G, and
S3I). Taken together, these results argue strongly that the differ-
ential effect of LIN-44 and EGL-20 onDA8 andDA9 is not caused
by Wnt-producing cells.
To further determine whether Wnts play instructive or permis-
sive roles in synapse patterning, we ectopically expressed
LIN-44 and EGL-20 from pharynx (myo-2 promoter) and vulval
precursor (egl-17 promoter; Figure S3A) cells. Expression of392 Cell Reports 5, 389–396, October 31, 2013 ª2013 The AuthorsEGL-20 from pharynx cells has been shown to rescue Q cell
migration defects, in which EGL-20 acts as a permissive cue
(Whangbo and Kenyon, 1999). We found that neither of the
Wnts expressed in the anterior cells showed any rescuing
effects on the DA8 or DA9 synaptic phenotype, suggesting
that Wnts function as instructive cues in patterning synapses
(Figures 3F–3I).
MIG-1/Frizzled Is an EGL-20/Wnt Receptor in the DA8
Neuron
We next searched for themechanisms underlying the high sensi-
tivity of DA8 to EGL-20 compared with DA9. It has been shown
that various Wnt receptors have different binding affinities for
each Wnt homolog (Kikuchi et al., 2009). There are three major
EGL-20 receptors in C. elegans: LIN-17 (Frizzled), MIG-1 (Friz-
zled), and CAM-1 (receptor tyrosine kinase; see below for the
lin-17 mutant phenotype) (Eisenmann, 2005). We found that
the DA8 and DA9 synapse positions in mig-1 and cam-1 single
mutants, as well as in amig-1; cam-1 double mutant, were indis-
tinguishable from those in the wild-type (Figures 3A and 3F–3H;
data not shown), which is consistent with the observation that
the synaptic tiling mechanism masked the effect of EGL-20 on
DA8 (Figure 1C). We then tested mig-1; plx-1 and cam-1; plx-1
double mutants and found that mig-1; plx-1, but not cam-1;
plx-1, phenocopied the egl-20; plx-1 strain (Figure 3B; data not
shown). In mig-1; plx-1 double mutants, the DA8 synaptic
domain shifted posteriorly and completely overlapped with the
DA9 synaptic domain, suggesting that MIG-1 is required for
EGL-20 to affect the DA8 synapse position (Figures 3B and
3F–3H). Consistent with this hypothesis, the egl-20; mig-1;
plx-1 triple-mutant strain did not enhance the mislocalization of
synapses in either the mig-1;plx-1 or egl-20; plx-1 double mu-
tants, suggesting that egl-20 andmig-1 act in the same signaling
pathway to inhibit DA8 synapse formation (Figures 3F–3H).
Therefore, MIG-1/Frizzled likely functions as the EGL-20 recep-
tor in the DA8 neuron.
We next examined the expression pattern ofMIG-1. The 3.9 kb
genomic fragment upstream of the mig-1 open reading frame
was used to drive membrane-tethered GFP (myr-GFP) expres-
sion and injected with a DA9 mCherry marker. Consistent with
the genetic data, we found that Pmig-1::gfp was expressed in
DA8 but was undetectable in DA9 (Figure 3C), suggesting that
the selective expression of mig-1 in DA8 renders the latter sen-
sitive to EGL-20. To test whether MIG-1 is sufficient to cause
anterior synapse displacement, we expressed MIG-1 cDNA
ectopically in the DA9 neuron in the plx-1 mutant. Due to the
high copy number of the transgene, it is likely that the transgenic
animals had a higher level of MIG-1 in DA9 compared with DA8.
Therefore, we might expect DA9 to become even more sensitive
to EGL-20 than DA8. Indeed, in this genetic background, we
found that DA9 synapses were localized anterior to DA8 synap-
ses (59.8%, n = 184; Figure 3D), further supporting the suffi-
ciency of MIG-1 for creating the synaptic position in DA8. This
effect of ectopic MIG-1 overexpression was dependent on
EGL-20, as egl-20 mutation suppressed the MIG-1 overexpres-
sion phenotype (0.87%, n = 115; Figure 3E). Taken together, our
results indicate that MIG-1/Frizzled, which is expressed in DA8
(but not in DA9), is an EGL-20/Wnt receptor that inhibits synapse
Figure 3. MIG-1/Frizzled Is an EGL-20
Receptor in the DA8 Neuron
(A and B) Representative images of DA8/DA9
synaptic patterns in mig-1 (A) and mig-1; plx-1 (B)
mutant animals.
(C) Specific expression of the transcriptional
reporter Pmig-1::myr-gfp in the DA8 neuron. A
merged image with the DA9 marker (Pmig-
13::myr-mcherry) is shown in the right panel. The
DA8 cell body and commissure are indicated by a
star and arrow, respectively.
(D) Representative image of DA8/DA9 synaptic
patterns in the plx-1mutant overexpressingmig-1
in the DA9 neuron. Asterisks represent the posi-
tions of DA8/DA9 cell bodies.
(E) Representative image of DA8/DA9 synaptic
patterns in egl-20; plx-1 mutant animals over-
expressing mig-1 in the DA9 neuron. Arrowheads
indicate the position of the DA9 commissure.
Scale bar: 20 mm.
(F) Quantification of the overlap between the DA8
and DA9 synaptic domains.
(G) Quantification of the DA9 asynaptic domains.
(H) Quantification of the DA8 asynaptic domains.
Error bars represent SEM. n.s., not significant;
***p < 0.001 (ANOVA/Tukey-HSD).
See also Figure S4.formation. This difference in EGL-20 sensitivity between the DA8
and DA9 neurons is key in positioning the DA8 synaptic domain
anterior to that of DA9 (Figure S4).
LIN-17/Frizzled Is Required in Both DA8 and DA9 to
Receive Wnt Signals
We have shown previously that LIN-17 (Frizzled) is required cell
autonomously in DA9 to respond to LIN-44 and EGL-20 (Klas-
sen and Shen, 2007). Because DA8 synapses are absent from
the most posterior axonal region in plx-1; egl-20 or plx-1; mig-1
double-mutant animals, it is possible that LIN-17 is also
required in DA8. Indeed, in lin-17; plx-1 double mutants, both
the DA8 and DA9 synaptic domains were shifted to the most
posterior dorsal axon (Figures 4A and 4C–4E). This synaptic
domain shift was similar to that observed in the lin-44; egl-20;
plx-1 triple mutant, suggesting that the LIN-17 receptor is
necessary to mediate LIN-44 and EGL-20 function in both neu-
rons. To confirm that LIN-17 is required in both DA8 and DA9 to
respond to Wnts, we expressed LIN-17 cDNA in both DA8 and
DA9 using the unc-4c promoter in the lin-17; plx-1 strain. As ex-
pected, we found that both the DA8 and DA9 synaptic domains
were shifted anteriorly, whereas expression of LIN-17 in other
dorsal motoneurons (DB neurons) from the unc-129 promoterCell Reports 5, 389–396,had no effect on the DA8/DA9 synaptic
patterns (Figures 4B–4E). Consistent
with the model in which LIN-17 is
required to sense both EGL-20 and
LIN-44 in DA8, the DA8 synaptic domain
was shifted more anteriorly than that
of DA9 (Figures 4B, 4D, and 4E). Taking
these results together, we conclude thatLIN-17 is required in both DA8 and DA9 to sense both the EGL-
20 and LIN-44 Wnts (Figure S4).
Our previous study (Klassen and Shen, 2007) showed that LIN-
17 localizes to puncta along the posterior asynaptic region of
DA9 in a lin-44-dependent manner, indicating that LIN-44 not
only activates LIN-17 but also restricts its subcellular localiza-
tion. We next examined the subcellular localization of MIG-1.
Due to the lack of a DA8-specific promoter and the fact that
ectopic MIG-1 expression in DA9 seems to function in the
same manner as endogenous MIG-1 in DA8, we examined
MIG-1 subcellular localization by expressing MIG-1::GFP in
DA9. We found that MIG-1::GFP exhibited a punctate staining
pattern in the posterior dorsal axon, the dendrite, and the cell
body, where the EGL-20 concentration is high (Figure 4F). The
subcellularly restricted MIG-1::GFP puncta at the dorsal axonal
region was completely dependent on EGL-20: in the egl-20
mutant background, MIG-1::GFP exhibited diffuse localization
throughout the axon (Figure 4G). On the other hand, the MIG-
1::GFP puncta were not affected by loss of lin-44 function (Fig-
ure 4H). Therefore, EGL-20 not only activates MIG-1 but also
patterns its subcellular localization.
Interestingly, in contrast to MIG-1, the LIN-17 subcellular
localization pattern was not obviously affected by the egl-20October 31, 2013 ª2013 The Authors 393
Figure 4. lin-17 Is Required in Both the DA8
and DA9 Neurons
(A) Representative image of DA8/DA9 synaptic
patterns in the lin-17; plx-1 double mutant.
(B) Representative image of DA8/DA9 synaptic
patterns in a lin-17; plx-1 animal expressing Punc-
4c::lin-17. Asterisks represent the positions of the
DA8/DA9 cell bodies. Arrowheads indicate the
position of the DA9 commissure.
(C) Quantification of the overlap between the DA8
and DA9 synaptic domains.
(D) Quantification of the DA9 asynaptic domains.
(E) Quantification of the DA8 asynaptic domains.
Error bars represent SEM. n.s., not significant;
***p < 0.001 (ANOVA/Tukey-HSD).
(F) Representative image of MIG-1::GFP localiza-
tion in the DA9 neuron (upper panel). MIG-1::GFP
was coexpressed with mCherry::RAB-3 (lower
panel).
(G and H) MIG-1::GFP localization in egl-20 (G)
and lin-44 (H) mutant animals. Yellow lines repre-
sent MIG-1::GFP puncta at the dorsal axon.
(I) Representative image of LIN-17::mCherry
localization in the DA9 neuron (upper panel). LIN-
17::mCherry was merged with GFP::RAB-3 (lower
panel).
(J and K) LIN-17-1::mCherry localization in egl-20
(J) and lin-44 (K) mutants. Scale bar: 20 mm.
See also Figure S4.mutation, but it was completely dependent on lin-44 (Figures 4I–
4K). Hence, the Wnt-receptor specificity might help to localize
Frizzled in different places to create ‘‘synapse-free’’ zones.
Based on these results, we concluded that two Wnts instruct
the topographic synaptic pattern by inhibiting synapses in
particular subcellular domains (Figure S4).
DISCUSSION
Wnt signaling plays a role in multiple processes during neural
circuit development, including axon guidance, polarity estab-
lishment, axon regeneration, and synaptic specificity (Park
and Shen, 2012). In Drosophila, expression of Wnt4 in the394 Cell Reports 5, 389–396, October 31, 2013 ª2013 The AuthorsM13 muscle cell is required to prevent
the motoneurons that innervate the
M12 muscle cell from forming ectopic
synapses onto M13, suggesting that
Wnt4 inhibits synapse formation and
helps selective synaptic choice (Inaki
et al., 2007). In C. elegans, Wnt signaling
is involved in many aspects of develop-
ment involving A-P polarity, such as
asymmetric cell division, cell migration,
axon/dendrite polarity, and neurite
outgrowth (Goldstein et al., 2006; Hilliard
and Bargmann, 2006; Kirszenblat et al.,
2011; Pan et al., 2006; Sawa, 2012;
Silhankova and Korswagen, 2007). Our
study revealed that two neurons from
a single neuron class form their synap-tic domains at distinct regions by differentially responding
to two Wnt gradients.
Alterations in Wnt signaling dramatically affected the DA8 and
DA9 synaptic patterns in the plx-1 mutant background. The
additive synapse mislocalization phenotype between the wnt
mutants and the plx-1 mutant argues strongly that these two
pathways act in parallel to pattern synapses. Interestingly, both
PLX-1 signaling and the two Wnts restrict synapse formation,
setting boundaries for synaptic domains. These results highlight
the importance of inhibitory cues in regulating synaptic patterns
in vivo. Although the action of EGL-20 and LIN-44, combined
with the synaptic tiling pathway, can largely explain the position
of the DA8 and DA9 synapses, we rarely observed flipped or
randomized synaptic patterns between the DA8 and DA9 neu-
rons in wnt or frizzled mutants, suggesting that there are addi-
tional mechanisms that determine the position of DA8 and DA9
synapses. One possible mechanism is the developmental timing
of these two neurons: either DA8 or DA9 could form synapses
first, obliging the remaining neuron’s synaptic domain to form
in the remaining synapse-free space along the nerve cord. This
possibility remains to be tested.
In the DA8 neuron, we found that the posterior displacement of
DA8 synapses in the lin-17; plx-1 doublemutant was as strong as
that in the lin-44; egl-20; plx-1 triple mutant, suggesting that in
addition to MIG-1/Frizzled, LIN-17/Frizzled is also required to
sense EGL-20. We previously reported that egl-20 significantly
enhances lin-44 synapse displacement in the DA9 neuron,
even though we do not detect expression of mig-1/frizzled in
DA9 (Klassen and Shen, 2007). There are also several reports
that LIN-17 acts as a receptor for EGL-20 (Eisenmann, 2005).
Frizzled receptors are reported to form homo- or hetero-oligo-
mers (Kaykas et al., 2004). Therefore, it is possible that the
DA8 neuron utilizes a MIG-1/LIN-17 heteromultimer to gain
higher sensitivity to EGL-20 than the LIN-17 homomultimers in
the DA9 neuron. The punctate MIG-1 localization is completely
dependent on EGL-20, but not on LIN-44. On the other hand,
the LIN-17 localization is more affected by LIN-44 than EGL-
20, which suggests Wnt-receptor specificity.
Synaptic tiling and synapse topographic maps have not been
extensively described outside of C. elegans, likely due to the
insufficient resolution of the current labeling tools. However, in
one study, Galimberti et al. (2010) observed a synaptic topo-
graphic map in a vertebrate system. They reported that in the
mouse hippocampus, each granular neuron forms a few large,
en passant presynaptic specializations (terminal arborizations
[TAs]) in the CA3 region. The positions of the TAs exhibit a strik-
ing colinear topographic relationship to the positions of their cell
bodies (Galimberti et al., 2010). This topographic specification of
TAs appears to involve EphA4, which exhibits a gradient along
the dentate gyrus. When EphA4 signaling is disrupted, excessive
TAs form at abnormal positions, suggesting that the graded
EphA4 suppresses the formation of TAs to establish this synapse
map (Galimberti et al., 2010). Therefore, in both the mouse hip-
pocampal and C. elegans systems, graded inhibitory cues for
synapse formation andmaintenance are used to restrict synapse
distribution and create synapse topographic maps.
EXPERIMENTAL PROCEDURES
Strains
All strains were maintained as previously described (Brenner, 1974). Trans-
genic strains were generated by standard injection methods (Mello et al.,
1991). The following mutant and transgenic strains were used in this study:
lin-44(n1792)I, egl-20(n585)IV, lin-17(n671)I, mig-1(e1787)I, cam-1(gm122)I,
plx-1(nc36)IV, wyIs222(Pmig-13::mcherry::rab-3, Punc-4::gfp::rab-3, Podr-
1::rfp), wyIs320(Pitr-1:plx-1:gfp, Pmig-13:mCherry:rab-3, Podr-1:gfp),
wyEx4271(Pmig-13::mig-1, Podr-1::gfp), wyEx5624, wyEx5646(Punc-
129::lin-17, Podr-1::gfp), wyEx5659(Punc-4c::lin-17, Podr-1::gfp), wyEx6147
(Plin-44::lin-44, Podr-1::gfp), wyEx6150(Pegl-20::lin-44, Podr-1::gfp),
wyEx6152(Pegl-17::lin-44, Podr-1::gfp), wyEx6188(Pmyo-2::lin-44, Podr-
1::gfp), wyEx3988(Plin-44::egl-20, Podr-1::gfp), wyEx6184(Pegl-20::egl-20,
Podr-1::gfp), wyEx6183 (Pegl-17::egl-20, Podr-1::gfp), wyEx6183(Pegl-
17::egl-20, Podr-1::gfp), wyEx6193(Pitr-1::mig-1::gfp, Pmig-13::mCherry::Crab-3, Podr-1::gfp), and wy6234(Pmig-13::lin-17::mcherry, Pmig-13::gfp::rab-
3, Podr-1::gfp).
Fluorescence Microscopy and Confocal Imaging
Images of fluorescently tagged fusion proteins were captured in liveC. elegans
with the use of a Zeiss LSM710 confocal microscope (Carl Zeiss). Worms were
immobilized on a 2% agarose pad with 10 mM levamisole (Sigma-Aldrich).
Images were analyzed with Zen software (Carl Zeiss).
Plasmid Construction
Expression clones were made in a derivative of pPD49.26 (A. Fire), the pSM
vector (a kind gift from S. McCarroll and C.I. Bargmann). egl-20, mig-1, and
lin-17 cDNAs were amplified from cDNA libraries (Mizumoto and Shen,
2013) with Phusion polymerase (Finnzymes) and gene-specific primer sets.
cDNAs were subcloned into AscI/KpnI sites of the pSM. All amplified fragment
were sequenced. The egl-20 primers were 50-gggGGCGCGCCatgcaatttttca
tttgcctg and 30-gggGGTACCttatttgcatgtatgtactgc. The mig-1 primers were
50-ggg GGCGCGCCatgggaccatttcgtggttacc and 30-ggg GCTAGCccaatcatatt
attagttcg. The lin-17 primers were 50-gggGGCGCGCCatgatgcattctttgggcatc
and 30-gggGGTACCttagacgaccttactgggtctc.
A 3.9 kbmig-1 promoter was amplified from N2 genomic DNA and inserted
into SphI/AscI sites of the pSM vector. The Pmig-1 primers were 50-ggg
GCATGCatttatgcttctatcccgg and 30-gggGGCGCGCCtaatgataatggaattgggg.
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